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To establish a rat model of an open craniocerebral injury at simulated high altitude and to examine the characteristics of this model. Rats were divided randomly into a normobaric group and a high-altitude group and their corresponding control groups. A rat model of an open craniocerebral injury was established with a nail gun shot. Simulated highaltitude conditions were established with a hypobaric chamber at 0.6 ATA to mimic pressure at an altitude of 4000 m. Mortality, brain water content (BWC), Evans blue content, pathology, regional cerebral blood flow (rCBF), partial pressure of brain tissue oxygen (PbtO 2 ), and brainstem auditory-evoked potential were observed after injury. The mortality of the high-altitude group was significantly greater than that of the normobaric group within 72 h after injury (P < 0.05). BWC and Evans blue content increased by 48 h after injury (P < 0.05); pathological changes in damaged brains were more serious. In contrast, rCBF and PbtO 2 had decreased markedly by 72 h (P < 0.01); brainstem auditory-evoked potential values were significantly prolonged (P < 0.05).
Moreover, an inverse correlation between rCBF and BWC and a positive correlation between rCBF and PbtO 2 were found. The rat model of an open craniocerebral injury at simulated high altitude can be established successfully using a nail gun shot and a hypobaric chamber.
The injury characteristics at high altitude were more serious, rapid, and prolonged than those in the normobaric group. Introduction Penetrating brain injury (PBI) is a leading cause of mortality and morbidity in modern warfare, and accounts for a significant number of traumatic brain injuries (TBI) worldwide. PBI has historically been associated with a poor prognosis [1] . The mortality rate of PBI remains high, with military rates ranging from 6.8 to 61.1% and civilian mortality ranging from 34 to 88.1% [2] . TBI is also considered a 'signature injury' in modern warfare: ∼ 20% of veterans from the Iraq or Afghanistan wars have experienced a TBI [3] . From April 2003 to January 2011, a total of 15 192 US military personnel were injured in Operation Iraqi Freedom/Operation Enduring Freedom, with 636 patients sustaining a PBI [4] . In the civilian sector, firearm-related injuries are on the rise nationwide, with bullet wound injuries to the head being the most common cause of TBI-related fatality in the USA [5] . TBI treatment should be timely and proper, not only for the survival of the wounded, functional status, and combat forces, but should also have a greater impact on economic development during postwar peace.
Over the past three decades, to better understand the underlying pathophysiology and explore potential treatments, animal models have been developed to mimic the various aspects of human TBI. Although researchers have established a variety of craniocerebral injury models to study TBI according to clinical needs and research purposes [6, 7] , no economic, practical, and reproducible animal models are available to study PBI at altitudes over 2500 m. The increasing number of individuals traveling to high altitude for work or adventure tourism is a public health issue. The WHO estimates that 3.5 million individuals a year travel to over 3000 m [8] . The higher the maximum altitude, the more likely individuals suffer from high-altitude illness, which mainly include acute mountain sickness (AMS), high-altitude cerebral edema, and pulmonary edema [9] . AMS invariably appears within several hours of reaching 4000 m [8] , and reduced supply of oxygen at high altitude may lead to brain damage. To date, little is known about the pathophysiology and effective treatment for patients exposed to hypobaric hypoxia after PBI at high elevation.
Several in-vivo models of brain injury are currently available [10] , but the most widely used models focus on ischemia (i.e. arterial occlusion models) and blunt trauma (i.e. fluid percussion or cortical impact models). Stab-type brain injury models also exist; however, they do not mimic the ballistic damage induced by a bullet wound.
Williams and colleagues [6, 7] developed a penetrating ballistic-like brain injury rat model to study the effects of penetrating wounds on gross pathology wounds, locomotive deficits, and histopathological changes associated with ballistic injury. However, to our knowledge, the characteristics of PBI at high elevation have not been studied systemically in rats. Current PBI research mainly focuses on clinical reports. In this study, we created a rat model using a nail gun shot at simulated high altitude, and examined animal ethology, histopathology, brain water content (BWC), Evans blue (EB) content, regional cerebral blood flow (rCBF), partial pressure of brain tissue oxygen (PbtO 2 ), and monitored brainstem auditoryevoked potential (BAEP).
Methods

Experimental animals and grouping
Healthy male Wistar rats (n = 210) weighing 200 20 g were purchased from the Experimental Animal Center of the Third Military Medical University. The animals were assigned randomly to four groups: high-altitude injury group (HI, n = 96), high-altitude control group (HC, n = 9), normobaric injury group (NI, n = 96), and normobaric control group (NC, n = 9). Rats were examined at 1, 6, 12, 24, 48, 72, and 168 h after injury (n = 9 at each time point). They were housed in a temperature-controlled facility (20 1°C) for at least 7 days before the experiments with a 12 h light/dark cycle during the experiments. Rats were allowed free access to food and water before and after surgery. Preparation of an animal model of NI After depilation and disinfection, rats were placed to a stereotaxic frame. A point 15 mm posterior to the connection of the inner canthus, and 2 mm right of the midline, was used as an injury point. A nail gun was held close to the injury point on the scalp and then a nail was sent vertically downward into the brain with a working pressure of 0.7 MPa. It was removed along the wound tract immediately after injury and the aforementioned parameters were measured at each time point.
Preparation of an animal model of HI
To simulate acute hypobaric hypoxia, rats were placed in a temperature-controlled hypobaric chamber (20 1°C) (Binglun Corp., Yantai, People's Republic of China) and exposed to 0.6 ATA for 72 h (to simulate air pressure at an altitude of 4000 m). The chamber was opened twice (30 min each) a day for feeding and cleaning. Three days later, the rats received the same surgery as the NI group as described above. Animals were kept in the hypobaric chamber with 0.6 ATA after injury, and the aforementioned parameters were measured at each time point. HC animals were kept in the hypobaric chamber for 3 days, but without brain injury, and the aforementioned parameters were measured.
General status and death status
Rats were allowed access to food and drink ad libitum; diet, activity, and mortality were observed at each time point after injury, and dead animals were dissected and examined for brain anatomy.
Preparation of brain tissues for light and electron microscopy
For the preparation of histological slices, three rats from each group were reanesthetized and perfused intracardially with 4% paraformaldehyde in 0.1 M PBS. Brains were removed and immersed in 10% formaldehyde for several days at 4°C, dehydrated with ethanol gradients, vitrificated with dimethylbenzene, and embedded in paraffin. Coronal sections of brain tissue (with the wound as center) were cut to a thickness of 5 μm. Each sampled section of brain tissue was collected on gelatin-formaldehyde mixture-coated slides, and hematoxylin and eosin (H&E) and toluidine blue were used for histopathological evaluations in Nissl staining according to a standard protocol.
To prepare ultrathin sections for electron microscopy, three rats were reanesthetized and killed. The cortex (3 mm from the epicenter) was removed and cut into 1 × 1 × 1 mm samples. Then, they were immersed in 3% glutaraldehyde for 48 h. Samples were washed three times with PBS and incubated in 1% osmium tetroxide for 2 h at 4°C. After further washing with water, the tissues were dehydrated through graded alcohols and embedded in epoxy resin. Ultrathin sections were analyzed under a transmission electron microscope (Hitachi, Ltd, Hitachi H7500; Chiyoda-ku, Tokyo, Japan).
Brain water content
BWC is the most direct and objective indicator of cerebral edema, whereas EB content is an objective quantitative index reflecting BBB damage [11] . To detect the effects of high altitude on changes in BWC and EB after the nail gun shot, we measured the BWC and EB content to perform an objective and accurate assessment of cerebral edema and BBB permeability. Six rats from each time point were reanesthetized and killed. The right cerebral hemispheres were removed and the wet weight (WW) of each hemisphere was determined using a precision electronic balance (analytical fidelity was 0.1 mg). The cerebral hemispheres were then placed in an electric oven at 80°C to achieve constant dry weight (DW) (average weighing error was < 0.002 g). According to Elliot's formula, the percentage of BWC was calculated as follows: BWC (%) = (WW − DW)/WW × 100%.
The relative content of EB in rat brains
To examine the effects of high altitude on the BBB, we evaluated permeability to EB [12] . Six rats were anesthetized and then placed in a stereotactic apparatus; a 2% EB solution was injected slowly into the caudal vein. Sixty minutes later, rats were perfused as described above, and then the tissue was fixed using a 4% paraformaldehyde solution. The optical density at an absorbance wavelength of 620 nm was determined using a multifunctional microplate reader (Thermo Fisher Scientific, Thermo Varioskan Flash, Massachusetts, American). A standard curve was used to calculate the relative EB content in each sample. The results were expressed as the relative EB content per gram WW of brain tissue.
rCBF monitoring
Tests were performed in a quiet room at 25°C ambient temperature. At each time point after injury, six rats were anesthetized and then placed in a stereotactic apparatus. As visualized through the skull window, the dura remained intact. A noninvasive laser Doppler probe (Moor DRT4, type CH1PR2; Moor Instruments, Devon, UK) was positioned over the right parietal cortex, over an area away from large pial vessels, to obtain low, stable readings [13] . rCBF on four points (3 mm to the epicenter) were monitored in each rat (10 min each point).
Values were averaged for the four points.
PbtO 2 monitoring
Brain hypoxia occurs early after TBI, and PbtO 2 is closely related to the prognosis of TBI and development of cerebral edema [14] . Direct monitoring of PbtO 2 provides independent cerebral oxygen information [15] and accurately reflects cerebral extraction of oxygen; however, little is known about the application of PbtO 2 in PBI at high elevation. To examine the effects of high altitude on cerebral oxygen after brain injury, we performed PbtO 2 monitoring in a quiet room at 25°C ambient temperature. At each scheduled time point after injury, six rats were anesthetized and placed in a stereotactic apparatus. Through the skull window, an oxygen electrode was inserted into the brain parenchyma to a depth of 12 mm (3 mm to the epicenter) and the skull hole was sealed with bone wax. PbtO 2 was monitored continuously on a LICOX CMP monitor (CC1.P1, oxygen-sensitive part diameter, 0.65 mm, oxygensensitive area, 18 mm 2 ; Integra Neuroscience, Ratingen, Germany) for 60 min. To obtain reliable PbtO 2 readings, the values were averaged across the last 30 min in each rat. This is an established method for the evaluation of tissue oxygen pressure [16] .
Brainstem auditory-evoked potential
After six rats were anesthetized, they were then placed in a stereotactic apparatus. BAEP was measured using a Signal Processor, Keypoint 4 type (Medtronic Inc., Minneapolis, Minnesota, USA). The audiosignals were monaural clicks with an alternative polarity, delivered at a repetition rate of 13.3/s by an earphone 2 cm from the right ear of the rat. The stimulus intensity was set at 100 dB SPL. Recording needle electrodes were placed in the subscalp at the intersection of the sagittal suture and bilateral external auditory canal. The reference electrodes were placed at the subcutaneous tissue of the mastoid. A metal clip was attached to the base of the tail as ground. The recording activities were then amplified and filtered with a bandpass between 100 and 2000 Hz. The response to 2100 stimuli was averaged in the time space of 10 ms following the stimulus. The averaged response was displayed on an oscilloscope and plotted on a graph paper using an X-Y recorder for reference. The peak latencies (PL) and interpeak latencies (IPL) were measured from a storage oscilloscope using the cursor. The recording was repeated two times and measured immediately after injury to ensure constancy of waves.
Statistical analysis
All experimental data are presented as the mean SEM. One-way analysis of variance was used to analyze BWC, rCBF, PbtO 2 , and BAEP among the HI, NI, HC, and NC groups. Comparisons between mortality of the HI and NI groups were made using the Pearson χ 2 -test. Bivariate correlation statistical analyses were carried out to evaluate the correlation between rCBF and BWC or PbtO 2 . All analyses were carried out using SPSS software, version 13.0 (SPSS Inc., Chicago, Illinois, USA). Statistical significance was defined as P less than 0.05.
Results
General information
The diameter of the wound tract was 1.5 mm wider than the nail gun. The nail gun could be removed easily along the wound tract because the width of the inlet and outlet of the wound tracks were the same, with no obvious foreign bodies or bone fragments. Both the HI and the NI group presented instant apnea, convulsions, limb movement disorder, and primary coma after an open craniocerebral injury (Table 1) . Changes in the HI group were more serious than those in the NI group, especially 48 h after injury; however, no statistically significant difference was observed (P > 0.05). After 1-3 min of assisted breathing, these rats resumed spontaneous breathing.
Rats in the HI and NI groups typically died immediately or within 24 h after injury. The total mortality rate of the HI group within 72 h after injury was higher than that of the NI group (38.79 vs. 21.37%; P < 0.05; Fig. 1 ). Rats in the HC and NC groups survived well. Overall, 144 rats were used for the rest of the experiments.
Histopathological observations
Morphology and structures of the cerebral cortex were observed using light microscopy and transmission electron microscopy. The entire coronal face of the projectile of the nail is shown in Fig. 2a . Ischemic changes in brain tissues were observed 3 mm away from the lesion center (Fig. 2a an arrow) during the period 1-6 h after injury. A decrease in the Nissl body, mitochondrion swelling, a slight increase in the perivascular space, and edema of perivascular tissues were observed at 6 h. These changes progressed by 24-48 h (Fig. 2c, d , f, g, i and j) and began to restore 72 h after injury. The pathological changes in the HI group were more obvious compared with the NI group; however, no significant change was observed in the control group (Fig. 2) .
High altitude induced an increase in brain water content after injury BWC increased immediately at 1 h after injury, maximized between 24 and 48 h, and then began to restore at 72 h; however, it did not revert to the control level by 168 h after injury. BWC after injury in the HI group was significantly higher than that in the NI group, except at 12 and 168 h (Fig. 3a) .
High altitude induced an increase in Evans blue content after injury
No blue-stained brain tissues were observed in the HC or NC group. EB particles were red under a fluorescence microscope. Exudation of EB particles was mostly observed in the HI and NI groups during the 12-24 h period after injury; there were significantly more particles in the HI group than in the NI group (Fig. 3b) . The EB content increased immediately at 1 h after injury, maximized between 24 and 48 h, and then began to restore at 72 h; however, it did not revert to the control level by 168 h after injury. The EB content in the HI group after injury was markedly higher than that in the NI group at each time point (Fig. 3c) .
High altitude induced a significant decrease in rCBF and an inverse correlation between rCBF and BWC was found in both HI and NI groups
In the HC group, rCBF was significantly greater than that in the NC group (P < 0.01, Fig. 4a) . rCBF decreased at 1 h after injury, minimized between 48 and 72 h after injury, and then tended to restore, but did not revert to the control level by 168 h after injury. rCBF in the HI group after injury decreased more markedly than that in the NI group (P < 0.05 or P < 0.01 at different time points, Fig. 4a ). The correlation between rCBF and BWC was inverse in both the HI and NI groups, with R-values of − 0.892 and − 0.941, respectively (P < 0.01, Fig. 4b and c) .
High altitude induced a significant decrease in PbtO 2 and a positive correlation between PbtO 2 and rCBF was found in both HI and NI groups No significant difference was observed in PbtO 2 between the NC and HC groups. PbtO 2 decreased significantly at 1 h after injury, minimized between 24 and 48 h after injury, and then began to restore. The PbtO 2 in the HI group between 6 and 72 h after injury was significantly lower than that in the NI group (P < 0.01; Fig. 5a ). The correlation between PbtO 2 and rCBF was positive, with R-values of 0.868 and 0.929, respectively (P < 0.01, Fig. 5b and c) .
BAEP monitoring results
PL and IPL of each wave after injury in the HI and NI group were significantly prolonged, especially on the injured side in the HI group. PL of the I, III, and V waves and IPL extension of I-V wave were most obvious (P < 0.05). PL of each wave on the contralateral side had a different extension. Although the changes in the HI group were consistent with the NI group, PL and IPL of each wave in the HI group were prolonged more significantly than those in the NI group (P < 0.05; Fig. 6a and b) .
Discussion
To our knowledge, for the first time, we established a rat model of an open craniocerebral injury with a nail gun shot at simulated high altitude. We found an increased mortality rate in the HI group, as evidenced by increased BWC, EB content, more obvious pathological changes, decreased rCBF and PbtO 2, an inverse correlation between BWC and rCBF, and a positive correlation between PbtO 2 and rCBF.
Hypoxia is the most important factor resulting in the body's pathophysiological changes in a high-altitude environment. The incidence rate of AMS in the general tourist population is reported to be 40-50% among trekkers and climbers near 4000 m [17] and increases to more than 90% when an ascent to ∼ 4000 m occurs over a number of hours rather than days [18] . Because rodents are somewhat less susceptible to hypoxia than humans at the same altitude, the altitude of 4000 m was chosen as a simulated high altitude for the model rats in this study. Although the physiology of animals with a large size is closer to humans, rodents are mostly used in TBI research owing to their modest cost, small size, and standardized outcome, and thus we chose wistar rats as experimental animals. Hypobaric chambers simulate high altitude with good controllability, low cost, and hypoxic conditions consistent with altitude. For the present study, rats were kept in a hypobaric chamber with a 0.6 ATA pressure for three days to simulate acute hypobaric hypoxia. The PBI model at high altitude was established successfully using this method.
Previous results of animal models of penetrating ballistic brain injury [6, 19] showed that these models had a short survival time after trauma, injuries that were difficult to control, complex modeling, and variations between these and actual war wounds. Therefore, here, we used a nail gun as an injury device because of its dynamic parameter stability, easy operation, and controllability by choosing a suitable size relative to the rat skull. Moreover, the velocity of the nail gun is constant because of lowvelocity and low-energy projectiles. Rats suffered from brain damage by penetrating from the parietal to the base of the skull. The injured site could be controlled accurately, the wound tract was consistent between individuals, no foreign bodies and bone fragments remained, and the infection rate was low. Moreover, our results showed that HI induced more serious instant apnea after injury and convulsion than NI; however, the differences were not statistically significant. The mortality rate of the HI group within 72 h was significantly greater than that of the NI group, and death mainly occurred immediately and within 24 h after injury. The major cause of death was because of bleeding of the wound tract and central respiratory circulatory failure induced by primary brain injury. These findings suggest that the nail gun shot model can be applied to simulate PBI.
Soon after TBI, early BBB permeability increases, which is the leading cause of brain edema formation [20] . In the present study, we showed that the degree, amplitude, and duration of increased BWC and EB content in the HI group were significantly higher than those in the NI group. These changes were consistent with the pathological changes, suggesting that acute hypoxic exposure combined with PBI increased BBB permeability, resulting in greater BWC and structural damage of neurons, which subsequently promoted the formation of edema. The results are similar to the changes observed in human brain tissue after rapid ascent to high altitude [21] . Therefore, early prevention of cerebral edema is critical in the treatment of PBI at high altitude.
In this study, exposure to high-altitude conditions during 72 h after injury induced significantly lower PbtO 2 . PbtO 2 was correlated inversely with BWC, indicating that PbtO 2 monitoring after PBI may accurately reflect the severity of injury. In the progression of PBI at high altitude, hypoxia exerted obvious effects on PbtO 2 , whereas cerebral ischemia and hypoxia were the final common pathways of secondary brain damage; therefore, early and continuous PbtO 2 monitoring is important for the treatment of PBI at high altitude.
Maintaining good brain tissue oxygen supply depends on the adequate CBF and normal arterial oxygen content. In the present study, we showed that high altitude decreased rCBF markedly. It has been shown previously that rCBF reduction in early TBI may accurately reflect the severity of injury [22] , and the changes of rCBF under plateau hypoxia are sensitive and closely related to the development of brain edema after TBI [23] . It is also worthwhile to note that rCBF in the HC group increased significantly more than that in the NC group. Although PbtO 2 did not show such a significant difference, it is possible that increased CBF after high-altitude stimulation resulted from compensatory expansion of the cerebral blood vessels caused by hypoxia at elevation. In addition, rCBF was correlated positively with PbtO 2 , but correlated inversely with BWC, suggesting that decreased rCBF may be the cause of the decrease in PbtO 2 . A reduction in PbtO 2 could further worsen cerebral edema of the injury zone and leads to a further decrease in rCBF. Our results are consistent with a previous study showing a synergistic role between PbtO 2 and rCBF in the development of TBI [24] . Thus, to ensure optimal rCBF and normal cerebrovascular autoregulation, early and continuous monitoring of rCBF and PbtO 2 has significant value in the diagnosis and treatment of PBI, especially for the treatment of PBI at high elevation.
Here, we also showed that high altitude induced significantly prolonged PL and IPL of each wave after injury, especially the III/V wave PL and I-V wave IPL extension on the injured side. Injury was consistent with a penetrating injury from the parietal to the skull base, whereas PL of the I wave extended to the injured side, indicating that the auditory nerve of the injured side was also affected. The PL of each wave with different extension on the contralateral side might have been caused by cerebral edema spreading to the contralateral side. The changes in the HI group were consistent with the NI group after injury, but PL and IPL of each wave in high altitude were prolonged more significantly than those in the NI group. It is known that BAEP is a reliable indicator of nerve function, brain-stem damage, and prognosis after TBI [25] . Our results suggest that brain stem and cerebral nerve function had been severely damaged immediately after the nail gun shot, and highelevation hypoxia aggravated this damage.
In the current study, the PBI model was stable, reproducible, suitable for large quantities and longer experimental observations, and better reflected the injury characteristics of PBI at high elevation; however, the model has certain limitations with respect to war wounds. If we can use large animals and a comprehensive analysis of field experiments at high elevation, the treatment of PBI could be more meaningful.
In summary, we successfully established a rat model of PBI for the first time at simulated high altitude. We observed dynamic changes in BWC, EB content, PbtO 2 , rCBF, and pathology and their close correlation at high elevation. Thus, accurate and early detection of local cerebral ischemia and hypoxia by PbtO 2 and rCBF monitoring would provide strong evidence for early diagnosis and treatment of PBI.
